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A previous articlO describes accumulation in models, where potas- 
sium has  the  appearance of diffusing in  against  a  gradient.  This 
raises an interesting question in kinetics. 
The situation is shown in an experiment with 0.05 ~r KOH shaken 
up with a  small quantity of a  non-aqueous mixture of 70 per cent 
guaiacol +  30 per cent p-cresol (this will be called G.  C. mixture). 
Practically all  the  KOH  was  thereby converted to  organic  salts. 
After separation from the non-aqueous phase the aqueous solution 
was allowed to flow in a steady stream through the model (A, Fig. l) 
where it came in contact with a non-aqueous layer (B) of G. C. mix- 
ture.  Potassium penetrated through B  into C  (which consisted at 
the start of distilled water through which bubbled a steady stream of 
COs)  and  accumulated there in  the  form of  KHCO3. ~  All  three 
layers were stirred mechanically. 
The formation of KHCO, in C raised the osmotic pressure so that 
water entered and the volume of C increased.  A state was eventually 
reached where water and potassium entered in a constant ratio and 
in  consequence the  concentration of potassium  in  C  remained ap- 
proximately constant while C continued to increase in volume.  This 
will be called the steady state. 
The only cases of this sort suitable  for kinetic studies are those 
where the volume of C is so large and the  increase so gradual that 
reasonably accurate measurements of volume are possible.  It hap- 
10sterhout, W. J. V., and Stanley, W. M., Y. Gen. Physiol., 1931-32, 1§, 667. 
2 We may compare C to the sap of a  living cell and call  it "artificial sap:"  A 
then represents the external solution and B the non-aqueous protoplasmic surface. 
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pens that only one of these  3 (Exp.  64)  was  carried out in a  manner 
suited to our purpose  (since in the others the  CO2 was not bubbled 
from the very start). 
In  this  case  the  external  solution  in  the  steady  state  contained 
0.041 ~  potassium combined with guaiacol and p-cresol plus 0.009 M 
KHCO3 (due to the diffusion  1 of COs or HCO3 from C into A).  The 
solution in C  contained 0.63 M potassium,  practically all as KHCO~ 
(with a  very little potassium  combined  4 with guaiacol, p-cresol, and 
hydroxyl).  All of this potassium  (except a  small  amount of KOH) 
passed from A  into B  as potassium  guaiacolate  (which we may call 
KG) and as potassium p-cresolate:  since the latter closely resembles 
5tirfcxt  Unstinted  S%lpred Unstinted  5ti~'ed 
!,  .,,,  '  ~  J 
FIG.  1.  Diagram of layers in the model.  The aqueous  phase A  has an un- 
stirred layer which is represented between d and e: from e to f is the corresponding 
unstirred layer in the non-aqueous  phase B.  Similar  layers are present at  the 
boundary between the non-aqueous phase B and the aqueous phase C. 
the  former we may for convenience regard  them  as  equivalent  and 
say that all the potassium enters B  as KG. 
To  understand  the  behavior of potassium  under  these  conditions 
let us consider the factors that influence rates of penetration.  These 
factors have been discussed by Irwin  5 in connection with the plasma 
3 This is Exp. No. 64 of a preceding  paper (1).  The external pit value was 
about 9.1 and the internal about 7.6 in the steady state. 
* A saturated solution of guaiacol in water at 25°C. is stated to be 0.15 ~  and 
that of p-cresol at 20°C. to be 0.18 ~.  Cf. Seidell, A., Solubility of inorganic and 
organic compounds,  New York, D. Van Nostrand Co., Inc., 2nd edition, 1919, 
278 and 309. 
s Irwin, M., Proc. Soc. Exp. Biol. and Med., 1927-28, 9.5, 127; 1931-32, 29, 993. W.  J.  V.  OSTERHOUT  531 
membrane.  Overton had  said that  the rate  of penetration  depends 
on the partition  coefficient at the outer surface of the plasma mem- 
brane, but Irwin stated that other coefficients, especially at the inner 
surface, may be of equal importance.  This conception was embodied 
in the "multiple partition coefficient theory. ''6 
In dealing with models Irwin stated  that the rate of penetration of 
dye  depends  on  its  rate  of diffusion  across  the  non-aqueous  layeff 
which in turn depends in part on the partition coefficients at the two 
phase  boundaries.  Hence,  other  things  being equal,  penetration  is 
rapid 8 when the external partition coefficient is high and the internal 
low or when the dye on reaching the sap is converted to a form with a 
low partition  coefficient.  ~  The rate is regarded as a  function of such 
factors as  (1)  concentrations  in the aqueous solutions,  (2)  the parti- 
tion  coefficients,  (3)  the concentration  gradient 9 in the non-aqueous 
layer,  and  (4)  the  diffusion coefficients, the  nature  of this  function 
being left to future investigation to determine. ~° 
Northrop, n in a paper on the permeability of dried collodion mem- 
branes,  has  given  the  following formula:  Q  =  tDA(SIC~  -  S~C~) 
h 
where Q is the amount passing through, A is the area, h the thickness 
of the  collodion membrane,  St and S,.  are  the  partition  coefficients 
at the outer and inner surfaces, C1 and C~ are the concentrations  in 
the external and internal solutions, D is the diffusion coefficient in the 
collodion, and t is time. 
The relation of this formula to activities becomes evident from the following 
treatment,  kindly suggested by D. A. MacInnes.  If we consider a non-electro- 
lyte diffusing through a membrane of unit area and thickness we may write 
bx 
8 The term partition  coefficient was later replaced by absorption  coefficient as 
in addition  to solubility chemical action  and  other  processes may be involved. 
Cf. Irwin, M., Proc. Soc. Exp. Biol. and Med., 1931-32, 29, 993. 
r Irwin, M., Proc. Soc. Exp. Biol.  and Med., 1928-29, 26, 125;  J. Gen. Physiol., 
1928-29, 12, 407. 
s Irwin, M., J. Gen. Physiol.,  1928-29, 12, 407. 
Cf. Irwin, M., J. Gen. Physiol.,  1928-29, 12, 163, 164, 408. 
10 Irwin, M., Proc. Soc. Exp. Biol. and Med., 1931-32, 29, 1234. 
11 Northrop, J. H., J. Gen. Physiol.,  1928-29,19., 435. 532  KINETICS  OF PENETRATION.  V 
where v is the velocity and u the mobility of the solute molecule, ~ is the thermo- 
dynamic potential and x is distance in the membrane.  This may be rewritten as 
bln a 
v=  uRT-- 
bx 
where a  is the activity.  Since 
b In a  1 ba 
bx  a  bx 
we have 
va=uRT-- 
bx 
In the steady state the activity gradient in the membrane is linear, as shown 
by the straight line in Fig. 2, and we may write  12 
v  a  ----  u  RT  (al  --  a~) 
Putting u  RT  =  D  (the  diffusion constant) and writing c7  in place  of  a  we 
have 
vc3,  =  D(c~ ~  --  c~ ",,,) 
If "/(the activity coefficient) be the same throughout the membrane it cancels out  13 
so that we have 
vc  =  D(ct  --  c2) 
where cl and c2 are the concentrations corresponding to al and a~.  Since vc is the 
concentration of molecules multiplied by the velocity of the molecule it is equiva- 
lent to the quantity Q passing through any plane such as F  (Fig. 2) in unit time, 
thus giving 
o~ 
-~  =  D(c,  -  c~)  =  D  -- 
Dt  bx 
Since ~  has the same value at F  and at G the value of bQ is the same at both 
is According to  Guggenheirn (Guggenheim, E.  A.,  J.  Am.  Chem.  Soc.,  1930, 
1  1 
52,  1315)  a  similar equation applies to a  single uni-univalent salt, but  - 
D  2 
+  where D + and D- are the diffusion constants of the ions. 
13 If "r should not cancel out a  correction must be applied but this will be small 
when the difference in 7 is small, as would ordinarily be the case with non-aqueous 
media. w.  ].  v.  OST~OVT  533 
places and as the quantity of diifusate entering the region between F  and G is the 
same as the quantity leaving it the concentration in this region remains constant. 
Hence the gradient in B  is linear only when the concentration at the surface be- 
tween B  and C is constant which can only be the case when it is constant in the 
layer of C  lying next to the surface, and this is evidently a  necessary condition 
for the steady state (this condition is found in the model  1 in the steady state). 
This is not true when  the concentration gradient can be represented by the 
bc 
curved line in Fig. 2 for then b-~ and bQ are greater at F than at G.  But if the cur- 
vature be not too great and the thickness of the membrane constant, we may use 
dQ 
the formula --~  ---  D(cl  -  c2) as an approximation)  4 
F  Q 
I 
FIG. 2.  Diagram to illustrate conditions in a  membrane in whose surface the 
activities are al and  a2  (the corresponding concentrations being cl and c2).  As 
shown by the ordinates a~ is greater than a2.  The ordinates for the curved line 
are made greater merely for convenience. 
If the partition coefficients at E  and G be S1 and $2  so that  $1  -- cl  +  cA and 
$2  =  c2  +  cc  (cA and cc being the concentrations in A and C) we have 
d2 =  ~_ (s,, A  -  s~,  c) 
dt  h 
and 
2  = 
D  A  t  (SIc  A  --  S~c  c) 
In many cases, as Irwin  s has pointed out, it is desirable to replace the partition 
coefficient by an  absorption coefficient on  account  of chemical action or other 
complications. 
~4 The thinner the membrane the better the approximation. 534  KINETICS  OF  PENETRATION.  V 
These  conceptions 15 may  be applied  to the present  case  since,  de- 
spite  the  mechanical  agitation,  there  are  unstirred 16 layers  at  each 
interface.  Movement  through  these  layers  is  slow  since  it  depends 
on diffusion.  Such layers are shown in the diagram (Fig. 1). 
As the viscosity of the G.C. mixture is greater than that of water the layers 
Bo and B~ are thicker than the corresponding aqueous layers A9 and CB. 
There  are  concentration  gradients  in  all  the  layers  but  those  in  the  stirred 
layers are small. 
1~ These conceptions have been used  in setting  up  equations  for penetration 
(Osterhout, W. J. V., Proc. Soc. Exp. Biol.  and Med.,  1928-29, 26,  192; J. Gen. 
Physiol.,  1929-30,  131 261). 
16 If we have to do with immiscible phases it is evident that no amount of stirring 
will  produce  in  the  interface  itself  any motion  perpendicular  to  the  interface. 
However, as we go away from the interface such motion will increase and will 
reach its maximum in the main body of the liquid.  The entire layer in which 
such motion is submaximal may be regarded as practically equivalent to a thinner 
layer with no component of motion perpendicular to the interface which may be 
called the unstirred layer (in this layer there will be motion parallel to the inter- 
face but this will not directly aid the movement of substances from one phase to 
the other).  The thickness of the unstirred layer varies with the rate of stirring 
but  it has been found experimentally  by various observers that  with  the most 
vigorous stirring (short of breaking the interface) such layers are thick enough to 
be the controlling factors in the passage of substances and the flow of heat from 
one phase to another. 
Lewis and Whitman (Lewis, W. K., and Whitman, W. G., Ind. and Eng. Chem., 
1924, 16, 1215) state that "in the main body of either liquid or gas, except under 
special conditions which will not be considered here, mixing by convection is so 
rapid  that  the  concentration  of the  solute is  essentially  uniform at  all  points. 
On the other hand, the surface films are practically free from convection currents 
and consequently any transfer of solute through these films must be effected by 
the relatively slow process of diffusion.  These films therefore offer the controlling 
resistances to transfer of material from one phase to another." 
For a  recent review of the literature  see Davis, H. S., and Crandall,  G.  S.,  J. 
Am. Chem. Soc.,  1930, 52, 3757.  These authors state that in well  stirred water 
microscopic observation shows particles  on the surface and  for about  0.04 cm. 
beneath  it  to have little  or no motion perpendicular  to  the  air-water  surface. 
Such layers may be thicker in guaiacol, owing to its higher viscosity (22). 
See also Whitman, W. G., and others in the Absorption symposium, Ind. and 
Eng.  Chem.,  1924, 16,  1215; also Whitman, W. G., Long, L., and Wang, H. Y., 
Ind. and Eng. Chem., 1926, 18, 363. w.  j.  v.  OSTERHOUT  535 
Potassium diffuses chiefly as KG (with some KOH) until it reaches C where it is 
mostly Changed to KHCO3 in which form it diffuses in the layer  CB.  There  is 
also some KG and KOH in this layer; the situation may be explained as follows. 
Assuming  (as is customary)  that  the very thin films adjoining the  interface 
between B  and  C  are in  approximate  equilibrium  17  we  may write  TM  (KG)'  = 
(C,) (KG), where C~ is the partition coefficient for activities, (KG)' is the activity 
of undissociated KG in the inner surface of B~, and (KG)  its activity in  the outer 
surface of CB.  We then  have (KG)  (K) (G), where k is the dissociation con- 
k 
stant of KG in C and (K) and (G) are activities in the outer surface of CB.  Hence 
we may write 
Cp(K) (G) 
(K6)' =  Cp(KG) 
k 
C~ 
Putting  ~-  =  Co we have 
(KG)' =  Co(K)  (6) 
Now in B, KG is mostly undissociated since the dielectric constant of the solvent 
is low  I but in C it is practically all dissociated and the value of K + in C may be 
much greater than that of G-.19  Hence the concentration of potassium in B may 
be exceedingly small and that in C may be high hut in spite of this potassium will 
continue to move from B into C because the undissoclated KG in B is not in equi- 
librium with that in C.  We shall see later on (p. 548) that on shaking up 0.63 M 
KHCO3 with G.C. mixture there is only 0.0062  M potassium in the  latter: hence 
when  B  contains  more  than  this  potassium  will  move  into  C  under  such 
circumstances. 
Let us now consider the situation with reference to OH- and to HCOa-.  This 
is  probably  not  very  different  from  that  where  gualacol is  used  in  place  of 
the  G.C.  mixture.  If this were  the case we  could proceed as follows.  Under 
the conditions of the experiment the concentrations of H20,  CO2, and  guaiacol 
1~ By this is meant  that the concentration in the film in the outer surface of 
Bo is approximately what would be found in B  if B  were shaken up with a  rela- 
tively large volume of A and allowed to come to equilibrium. 
is According to  Lewis and  Randall,  when  the  activities in  both  phases  are 
referred to the same standard state we may write (KG)' =  (KG).  Cf. Lewis, G. N., 
and  Randall,  M.,  Thermodynamics,  New  York,  McGraw-Hill Book  Co.,  Inc., 
1923, 257.  See also Harned, H. S., in Taylor, H. S., A treatise on physical chem- 
istry, New York, D. Van Nostrand Co., Inc., 2rid edition, 1931, 1, 762. 
19 See Osterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol., 1931-32, 15, 
682  (Table II). 536  KINETICS  OF PENETRATION.  V 
(HG) remain  approximately  constant.  If this be true of their activities  we may 
put (following the procedure  of L.  G. Longsworth) 
(G) (H)  kHv(HG)  (G) (H)  kHO(HG) 
(HCO3) (H)  -  kH2CO  ' (H2CO~)  and  (OH)  (H)  k  w 
where  kHG and kH~CO3 designate  dissociation  constants,  kw  the water constant, 
and the brackets denote activities.  Hence we may put G =  Cs(OH)  =  Cg(HCO3), 
where 
C8  -  w 
kHa(HG)  kHG(HG) 
and  (79 
k  w  kH~CO  ' (H2CO0 
Substituting these  values  in the equation 
(KG)' =  Co(K)  (g) 
we have 
(K6)'  =  CoC~(K)  (OH)  =  CoC,(K)  (HCO,) 
It follows that if we increase  (K)  (e.g. by adding KC1) or (G) there will be an 
increase in (KG)' and any increase in (HCO~) or (OH) will be accompanied by an 
increase  in  (G): likewise  doubling  (K)  and  (G)  simultaneously  will multiply 
(KG)' by 4 unless other factors intervene3 ° 
With vigorous stirring such as occurred in this experiment the rate 
of penetration  depends primarily on the  rate  of diffusion in  the  un- 
stirred  layers.  Experiments  with  the  diffusion apparatus  of North- 
rop and Anson  21 show that KG passes so much more quickly through 
the aqueous than  through the non-aqueous unstirred layers that the 
effect of the former may be neglected32  We need therefore consider 
20 Osterhout,  W.  J.  V.,  Biol.  Rev.,  1931, 6,  369.  Unpublished  experiments 
indicate that other factors do intervene. 
21Cf. Northrop, J. H., and Anson, M. L., Y. Gen. Physiol.,  1928-29, 12, 543. 
Experiments  carried  out by W. M.  Stanley show that the diffusion constants of 
KG and NaG are about twelve times as great in water as in G.C. mixture  (this will 
be discussed in a later paper). 
22 The aqueous layers are thinner  due to the smaller viscosity.  The viscosity 
of the  G.C. mixture  is higher  and  the layers  consequently  thicker than in  the 
aqueous  solutions.  At 30°C. the viscosity of guaiacol  in  C.G.S. units is 0.0445 
(Landolt,  H.. and BSrnstein,  R., Physikalisch-chemische Tabellen,  Berlin, Julius 
Springer, 5th edition, (Roth, W. A., and Scheel, K.), 1931, suppl, vol. 2, 102) while w.  j.  v.  OST~OUT  537 
only the diffusion in the non-aqueous layers, Bo and B~.  Since these 
layers are  very thin  14 we may regard  the concentration gradient as 
approximately linear.  There is presumably a very thin film constitut- 
ing the outer surface of Bo (not more than a  few molecules in thick- 
ness), which is approximately in equilibrium with the corresponding 
film of  the  external solution;  17  the  concentration of undissociated  23 
KG in the film at  the outer surface of Bo may be  called  Ko.  The 
corresponding  concentration  at  the inner  surface of B  we may call 
K~.  Hence we may designate the gradienff  4 as  K:  -  K~  and  (in 
accordance  with  the  conceptions  already  discussed)  regard  d__QQ as 
dt 
proportional to K~' -  K~. 
The activity coefficient of KG in B  cannot be far from unity and 
when we have pure guaiacol in B, K: is  approximately proportional 
(p.  535)  to  (Ko)  (Go) and  K~  to  (K,)  (G,),  where  the subscripts  o 
and  i  refer  to  activities  of  the  potassium  and  guaiacol  ions  in 
the  outside  solution  (A)  and  the  inside  solution  (C)  respectively. 
This will be  approximately true  in  the  G.C.  mixture  so  that  d__QQ is 
dt 
approximately proportional to (Ko) (Go) -  (K~) (G~) and likewise  25 to 
(Ko)  (0Ho)  -  (K,)  (OH,)  and  to  (Ko)  (HC0,o)  -  (K,)  (HC0,,). 
It follows that if K~ be increased by adding KHCO3 to C the value of ~  would 
a~ 
be decreased.  This was done in the present experiment, as described in a former 
that of water is 0.0079 (Landolt, H., and B0rnstein,  R., Physikalisch-chemische 
Tabellen, Berlin, Julius Springer, 5th edition, (Roth, W. A., and Scheel, K.), 1923, 
1,  135).  According to measurements made in this laboratory by W. M. Stanley, 
guaiacol has a  lower viscosity than guaiacol saturated with water, but the latter 
value is only slightly lower than that of G.C. mixture saturated with water (the 
last increases with increasing concentration of KG). 
23 Since we suppose that there is very little dissociation in the G.C. mixture, 
owing to its low dielectric constant (1), the value of K'o -  K'i will not be much 
affected by neglecting the ionized portion. 
24 This gradient is the sum of the gradients  in Bo and B~.  To this must be 
added any gradient in the stirred layer in B, but this is probably negligible. 
This has been employed in a previous paper (20) in using the equations for 
penetration elsewhere developed (Osterhout, W. J. V., J. Gen. Pl~ysiol., 1929-30, 
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paper. 26  In the steady state C contained 0.63 M KHCO~  (plus a small  amount 
of guaiacol, KOH, and KG).  Enough KHCO3 was then added to C to raise the 
of KHCO~ to 1.1 ~.  The value of ~  then fell off  concentration  markedly. 
This is borne out by shaking up G.C. mixture with aqueous solutions of  KG 
and determining the value of KG in B: we find that this is increased by adding 
KHCO3 or KCI to the aqueous solution.  This is not a simple salting out effect, 
for the addition of NaHCO~ or NaC1 does not produce the same result (this will 
be discussed in a later paper). 
As we are primarily  interested  in the  rate  of penetration  of potas- 
sium  regardless  of the form it  assumes  in C  we shall  for convenience 
designate  the  total  potassium  in  C  (i.e.  KG  +  KHCO3  -t-  KOH)  as 
K~  (this  is practically  equivalent  to the  concentration  of K+).  The 
corresponding concentration  in A  will be called Ko. 
It may be added that  there is an outward movement of potassium 
(chiefly as KHCO3), but as this appears to be relatively small  (except 
in the later  stages)  it will be neglected3 7 
The Volume Curvd  s 
As  more  and  more  potassium  enters  C  the  osmotic  pressure  will 
more  and  more  exceed  that  of A:  hence  water  will  enter  more  and 
more  rapidly  so that  the  greater  the  volume  the  greater  its  increase 
in  unit  time.  This  recalls  the  growth  of  a  sum  at  compound 
interest  which is expressed  by putting  M,  =  Mock, ~, where  Mo  is  the 
sum at the start,  ks is a  constant,  and t is timc.  We find that the time 
26 Osterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol., 1931-32, 15, 677 
(Exp. 64, Table I and Fig. 5). 
27 The ratio  (conc.  of potassium  in  G.C.  mixture)  +  (conc. of potassium  in 
water)  is about 0.47 when 0.05 •  KOH is shaken up with G.C. mixture, but the 
ratio (conc. bicarbonate in G. C. mixture)  +  (conc. bicarbonate in C) is probably 
less than 0.001  when 0.063 M KHCO3 at pH  7.3 is  shaken up with G.C. mixture 
(see  p..548).  Hence relatively little  KHCO3 will  pass  through B.  During the 
outward passage of KHCO~ some of it will react to form KG and CO2 (and some 
of the latter will  escape).  When KHCO~  is  allowed to diffuse  outward and no 
COs is bubbled, some KHCO3 appears in A but there is some loss of CO2 (1) due 
to reaction with guaiacol and consequent escape into the air. 
2s Since the osmotic pressure in A is greater at the start than in C there may be a 
slight outward movement of water during the first portion of the experiment. W.  J.  V.  OSTERI:IOUT  539 
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FIG.  3.  Observed  increase  in  K~  (unbroken line,  drawn free-hand to give an 
approximate fit) and calculated values (broken line).  Observed values of volume 
are represented by the symbol  zx; broken line shows values of 58.1  @.o0~59.  Val- 
ues of k, calculated from observed values of K~ are represented by the symbol  []; 
broken line shows values  from calculated  values  of K~.  M~llimols  of observed 
values are shown by symbol  o; broken line shows the curve obtained from cal- 
culated values of K~ and of volume. 540  KINETICS  OF  PENETRATION.  V 
curve of volume  29 agrees so well with the curve for 58.1  e  °. 002~9 (broken 
line, Fig. 3) that we may put  V,  =  Vb#,  ~,  where  Vb is the calculated 
volume  3° of C at the beginning (58.1 cc.), V, is the  calculated volume 
at the time t, and k~  =  0.00259. 
At first the transfer of electrolyte is such that in unit time C gains 
more mols of electrolyte than liters of water and  the  concentration 
of electrolyte in  C  increases.  But  as  time  goes  on  the  transfer of 
electrolyte  decreases  and  that  of  water  increases  until  a  state  is 
reached where in unit time C  gains just as many mols of electrolyte 
as liters of water (Fig. 4).  The concentration then becomes constant 
and the difference in osmotic pressure between A  and C becomes sta- 
o- 
~t~y 
~tate 
Time 
FIC. 4.  Upper curve, rate of penetration of potassium  (decreasing  until the 
steady state is reached); lower curve, rate of penetration of water  (increasing 
until  the  steady  state  is  reached).  Diagrammatic.  The scale  for potassium 
differs from that for water so that at the steady state if the rate for potassium 
were 0.63 tool per hour the rate for water would be 55.5 mols (1 liter) per hour. 
tionary, so that the rate of water transfer should also become constant 
and  the  volume  curve  should  become  a  straight  line.  This  seems 
to be the  case as far as  can be judged  by the  experiments hitherto 
performed. 
The exponential increase in volume will tend to make the concen- 
tration decrease exponentially.  This may be expressed as follows. 
If Q be the number of mols of potassium in C and V the volume we 
may put  K~  =  --Q  What  happens  when  Q  is  constant  and  water 
V" 
39 The figures for volume have been corrected for removal  of  samples.  No 
correction was made for evaporation since in Model I (shown in Fig. 2 of the paper 
by Osterhout, W. J. V., and Stanley, W. M., J. Gen. Physiol., 1931-32, 15, 669) 
it is negligible. 
8o This differs but little from the observed value which is 60. W.  J.  V.  OSTEI~tIOUT  541 
enters?  At the time t~  we may call the values  K~(1) and  V(1) and 
at the time t2 we have K~(2) and V(~).  Hence K~(s)  =  --Q-Q and K~(,)  = 
Va) 
Q  .  But  V(,)  =  V(~)e  k2(t'-t~)  Substituting  this  value  we  have 
V(2) 
K~(~)  -  Q  -  Q  =  Qe-k~(t'-")  =  K,(1)e  -k2(t'-t')  Hence 
T7  k~(h  --  h)  "  "  Y(~)  rc1)e  V(1) 
the loss of K~ due to the entrance of water is exponential and in any 
unit of time is equal to K~k2. 
The Time Curve of Ks 
The increment of K~ in any unit of time, with no water entering, 
is equal to the increase in mols  (Q)  divided by the volume  (V).  If 
this increment of K~ be called (dK~  we may write 
\  dt/~ 
As already stated (p. 537) we regard dQ as proportional to K:  -  K~, 
dt 
hence, if we assume that during the first unit of time no water enters, 
we may write 
1  , 
--  c(K  o  - 
where C is a "constant. ''a~ 
If (the volume being constant)  K; should increase in each  unit  of 
time by an amount proportional to K:  -  K'i the value of K:  -  K'i 
must  decrease in  each  unit  of time  by an  amount  proportional  to 
itself; i.e., would fall off exponentially. 
sl The value of this "constant" will depend on the various diffusion constants, 
the thickness of the layers, the shape of B and the areas of its two surfaces,  the 
rate of stirring,  the rate of decomposition  of KG in C, and other variables which 
will be discussed in a subsequent paper.  It will also depend on the viscosity of B 
which increases as its content of KG increases.  Hence it is not strictly speaking a 
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Hence  it  appears  that  two  processes  determine  the  value  of  K~, 
i.e.,  a  process which  increases it  is followed by one which  decreases 
it:  or 
1.  The value of K~ is increased by the  entrance  of potassium and 
should no water enter the rate might fall off in a manner approximately 
exponential. 
2.  As potassium penetrates and the osmotic pressure in C  rises the 
resulting entrance of water causes a  falling off in the value of K~ and 
this proceeds exponentially  (p.  541). 
Such a  situation  calls to mind the  succession  of events in a  radio- 
active series, where a  substance A  breaks down to form B,  at a  rate 
which decreases exponentially, while B  breaks down in the same way: 
and  this suggests that it may be worth while to see how far a  treat- 
ment  involving successive exponential  processes may fit  the  present 
case.  A  formula  similar  to  that  employed  for  a  radioactive  series 
may be written as follows :32 
K~ =  S~  k--~k--ki 
where Sb, kl,  and  k2 are constants  (for the  significance of these  con- 
stants  see p.  544).  Despite  certain  differences  between  the  kinetic 
situation  here  and  that  in  a  radioactive  series  this  formula fits  the 
observations fairly well, as is seen in Table I and Fig. 3. 
One point of difference  is that the first process (penetration of potassium) is 
influenced  by the second (entrance of water).  Among the consequences  of this 
are the following: 
1.  If K~ increase more rapidly (e.g. as the result of more rapid stirring) Kd will 
also increase more rapidly.  Hence S  will  decrease more rapidly and  kl  must 
increase:  but k2 will do likewise since water will enter more rapidly.  Any change 
therefore which multiplies the value of kl tends to multiply that of k2 by the same 
factor.  But if kl and k2 be multiplied by the same factor the essential properties 
of the time curve will not change since all the abscissae will be divided by this 
32 Rutherford,  E.,  Radioactive substances  and  their  radiations,  Cambridge, 
University Press,  1913.  Mellor,  J. W., Chemical statics and dynamics, London, 
1909.  Osterhout, W. J. V., Injury, recovery, and death, in relation to conductivity 
and permeability,  Philadelphia,  J.  B.  Lippincott  Co.,  1922.  Thiersch,  F.,  Z. 
physik.  Chem.,  1924, 111, 175. W.  y.  V.  OSTE1LtIOUT  543 
same factor  33 (the value of the maximum will not change but the time required 
to reach the maximum will be divided by the factor mentioned). 
2.  When Ks becomes constant in the steady state, owing to the fact that water 
and electrolyte enter in a  constant ratio, K~' will also become constant and the 
value of Kd -  Ks' will no longer change,  vt 
TABLE  I 
Concentration of Potassium (Ki) and Millimols of Potassium in C, Volume (V) of C, 
and "Monomolecular" Constant  k,,, 
Ho~s 
0 
16 
42 
65 
80 
104 
128 
151 
178 
183 
208 
232 
256 
Volume 
Obs. 
co. 
60 
60 
64 
68 
72 
76 
81 
87 
93 
99 
105 
112 
Calc. 
cc. 
58 
61 
65 
69 
72 
76 
I  81 
86 
92 
99 
106 
113 
Obs. 
0 
0.1 
0.26 
0.40 
0.46 
0.53 
0.60 
0.61 
0.62 
0.62 
0.63 
0.63 
0.63 
Ki 
Calc. 
0 
0.13 
0.30 
0.41 
0.46 
0.53 
0.58 
0.60 
0.62 
0.62 
0.63 
0.63" 
0.63* 
Millimols of K in 
¢= Iq (v) 
From calc 
From obs.  values of 
values  vol. and Ki 
millimols  millimols 
0  0 
6.0  7.9 
16.6  19.5 
27.2  28.3 
33.0  33.1 
40.3  40.3 
48.6  47.0 
53.0  51.6 
57.7  57.0 
62.4  62.4 
66.2  66.8 
70.6  71.2 
!  Ks 
kra = Flog K  s :  K i 
From obs.  From calc. 
values  values 
0.0047  0.0063 
0.0055  0.0067 
0.0068  0.0070 
O.O071  O.O071 
0.0077  0.0077 
0.0100  0.0086 
0.0100  0.0088 
0.0100  0.0100 
* These values hold only if the steady state has been reached  at  which time 
the method of calculation changes. 
3~ Cf. Osterhout, W. J. V., Injury, recovery, and death, in relation to  conduc- 
tivity and permeability, Philadelphia, J. B. Lippincott Co.,  1922. 
34 In this respect the situation resembles that of a  reversible monomolecular 
reaction, but the time curve differs since in the present case it is not of the first 
order.  Cf.  Mellor, J.  W.,  Higher mathematics  for  students of  chemistry and 
physics, London, Longmans, Green and Co.,  1922, 228.  Lewis,  W. C. McC., A 
system of physical chemistry, London, Longmans, Green and Co.,  1921.  Since 
dQ 
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3.  The dependence of the first process on the second is taken into account in 
deriving the equation:  the steps are as follows.  Since K~  =  Q  +  V we have 
Q  =  K~we have  Substituting 
VdO  --  OdV 
dK~ 
V ~ 
Hence 
dK,  =  ~  dQ  - 
dK~  1 dQ  K~ dV 
dt  V  dt  V  dt 
Substituting d Q  =  C(K,  °  _  K~)  and  d__V =  Vk~ we have  35 
dt  dt 
eK,  C(K;  --  K~) 
-  K~k2 
dt  V 
We may now put C(Ko'  -  K~')  =  S': if this value were to fall off exponentially 
so that S'  =  Sd e  -k°t (where the subscript b designates the value at  the beginning 
and k0 is a  constant) we should have 
dK~  S~  e-k¢ 
K~k~ 
dt  V 
35 As a  numerical illustration we may put Ko'  =  100,  K/  =  10,  K~  =  10,  V  = 
100,  Q  =  1000,  and C1  =  1.  Then since A.__~  =  CI(Ko'  -  Ki') we  have for one 
At 
unit of time AQ  =  100  -  10  =  90.  During this unit of time let us suppose that 
V increases from 100 to 101 which makes k2  =  0.01.  We then have 
~K,  C(K"  -  KI) 
K~k~ 
At  V 
I00-  I0 
--  --  10(0.01) 
100 
=  0.8 
This may be checked as follows.  At the start K~  ---  Q  -  1000 
V  100 
1090  AK~ 
end of the unit of time K~  =  =  10.8.  Hence --  =  0.8. 
101  At 
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Substituting  V  =  V~  ka gives 
dK~  Stb  e-k¢ e-~ 
K~k2 
dt  Vb 
s; 
Putting kt  =  k0 +  k2 and Sb  =  V~(kx)  gives 
dK._.j~ =  S~e_ht kl  --  K~k2 
dt 
This formula merely states that in any unit of time the increase in K~ equals 
that  which  would  occur  if  no  water  entered  during  that  unit  of  time  (i.e. 
C(1%'  -  K~' 
V  which may under certain conditions be regarded as Sbe-htkl)  less the 
diminution due to the entrance of water during that unit of time (i.e. K~k2). 
A differential equation of this type is used to describe radioactive change and 
when integrated gives an equation of the form appearing on p. 542. 
Calculation  of kl 
We approximate kj by observing how rapidly d__Q_Q falls off with time 
dt 
and this approximation is corrected by trial. 36  In this way we arrive 
at the value kl  =  0.0084. 
Calculation  of S~, K., and Time Required to Reach the Steady State 
Returning to  the formula 
dK_._} -- Sbe-kl~  ]el  --  K~k~ 
dt 
=  S~e  -ka e  -ka (ko +  k2)  --  K~k2 
we  see  that during the first hour, when no water is entering C, we 
may put k~  =  O: hence during the first unit of time 
dK~ 
--  ---  Sbk0  dt 
36 Dr. L. G. Longsworth has devised a method based on that given by Running 
(eft Running, T. R., Empirical formulas, New York, John WHey and Sons, Inc., 
1917) for getting the value of kt graphically. 546  KINETICS  OF  PENETRATION.  V 
Now k0  =  kt  -  kz  =  0.0084  -  0.00259  =  0.00581  and the corrected 
AK~ 
value of ~  at the start is 0.00616.  Hence 
0.00616  =  Sb(0.00581) 
Sb  =  1,06 
Having the  values of S~, kl, and k2 we may calculate the value of 
K,. in the steady state, which we may call K~.  We have  32 
k2 
K~  =  Sb  k~ 
(  o.oo2s9 
(o.oo84'  
=  (1.06)  \0.00259] 
=  (i.06) (3.243) -°'.4~6~ 
=  0.63 
This agrees with the observed  value of 0.63  (the  value of  Ks ob- 
tained in this  way depends  only on Sb and on the ratio k~  +  k~ and 
not on the actual values of ks and k2). 
We may now calculate the time required to reach the steady state. 
Calling the value of S in the steady state S, we have  3~ 
S,k~  =  K~k2 
-k~t  K~k2 
S~  =  S~e  - 
kl 
-kd  K.k2 
Sok~ 
--kd 
e 
(0.63) (0.00259) 
(1.o6) (0.0084) 
--0.00~4  t 
e  =  0.183 W. 
We find from a  table  87 that 
hence 
J.  V.  OSTERHOUT 
--1.697 
e  =  0.183 
t  =  202 
This is within 2 per cent of the observed value of 208. 
Calculation  of K  ~ 
For the time curve we have  8s 
(  k,  )(-k,,  -k,,) 
K~  =  Sb  k2~  --  e 
:  o oo8f  ~ (_k._  _~,) 
=  (1.06)  \0.00259  --  0.0084] 
=-  1.53 (e-°'°°s4' -  e-°'°°259') 
For example, at 80 hours we have 
2, = (-1.53)(-o~7~-  :o~o7~) 
=  (-- 1.53) (0.5107  --  0.8129) 
=  (--1.53)  (--0.3022) 
=  0.46 
547 
37 Cf. Becker, G. F., and Van Orstrand, C. E., Hyperbolic functions, Smithso- 
nian mathematical tables, Washington,  The Smithsonian  Institution, 3rd reprint, 
No.  1871, 1924. 
38 The measurements of Ki and of volume might have been made more care- 
fully had there been any intention of using them for mathematical analysis. 
which  agrees  with  the  observed value of 0.46.  A  comparison of the 
calculated and observed values (Table I  and Fig. 3) shows fair agree- 
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Calculation  of km 
It is sometimes convenient to classify time curves according to their 
behavior with reference to the value of the apparent velocity constant 
1  a  km  =  7 log -  (For example, if we treat a bimolecular curve in 
a  --  x" 
this way we find that k~ falls off with time.  39)  In the present case we 
1  K, 
find that the value of km= ~ log  (where K, is the value of K 
K,-- K~ 
in the steady state) increases with time as shown  in Fig. 3 and Table I. 
Values of K'o and K', 
Can  we  ascertain  the  values  of  Ko'  and  K/?  An  attempt  was 
made to approximate them as follows.  On shaking up 0.04 ~  KG % 
0.01 ~  KHCO3 with G.C. mixture it was found that the ratio:  (potas- 
sium in aqueous solution)  +  (potassium in non-aqueous mixture) was 
0.38  (most of the potassium in the non-aqueous mixture being KG, 
since  the  partition  coefficient  of  KHCO3 is  apparently very low). 
Hence we may assume that in  the present  case,  where  A  contains 
0.041 ~ organic potassium salts and 0.009 M KHCO3, KG in the outer 
surface of Bo would be about (0.05)  0.38  =  0.019  M. 4° 
In order to ascertain the value of Kt~, 0.63 ~  KHCO3 approximately 
saturated with CO2 at atmospheric pressure  (the pH being 7.3)  was 
shaken with a  small quantity of G.C.  mixture,  The concentration 
of potassium in the  G.C. mixture was  0.0062.  That of KHCO3 in 
the  G.C.  mixture is  not known  but  by  analogy with KC1 we  may 
regard it as very small.  Hence that of KG is probably not less than 
0.0057. 
It seems possible to get some idea of the value of K '8 in another way. 
We proceed as follows.  We have seen earlier  (p.  536)  that we may 
write  (KG)'  =  CoCs(K)  (OH), where (KG)' is the activity of undis- 
sociated KG in B.  The concentration of KG in B  may be regarded 
as equal to a'Ka divided by ~,', the activity coefficient in B.  Hence 
if -y', Co,  and Cs happen to be  about  the same for K'o and  for  K', 
39 Jacques, A. G., and Osterhout, W. J. V., J. Gen. Physiol., 1929-30, 13,  695. 
40 Actually it would be less since there is a concentration gradient in the un- 
stirred layer AB (Fig. 1). W.  3"  V.  OSTERHOUT  549 
(the concentration of undissociated KG in the inner surface of B~ in 
the steady state) we may put 
(K,)'  (K,)(OH,) 
(Ko)' =  (Ko)  (OH,) 
where (K ,) and (OH,) refer to activities in C in the steady state and 
(Ko)  and (OHo)  to activities in A.  The concentration of potassium 
outside  is  0.05  x(  and  inside  0.63  M:  the  pH  value  outside  3 is  9.1 
(hence OHo  =  4.9)  and that inside is 7.6 (hence OH,  =  6.4).  Sub- 
stituting these values, inserting the activity coefficients  41 and putting 
K'o  --  0.019  we have 
K~  (0.63)  (0.63) (10-6.,) 
0.019 =  (o.os)  (o,817) (lo-*.,) 
-- 0.31 
K~  -~ 0.0059 
This figure is, of course, uncertain since we do not know the activity 
coefficients accurately. 
Relation of the Rate to the Value of KPo -  KP~ 
If, as stated earlier (p. 537), the rate of entrance of tools be propor- 
tional to KPo -  K p~, we should be able to calculate the latter from the 
former.  We  proceed  as  follows.  Taking  the  rate  of  entrance  of 
mols at the beginning, which we may call Rb, as the average during 
the first measured period, we have Rb  --  6.0  +  16  =  0.375 millimol 
per hour.  The rate in the steady state (between 232 and 256 hours), 
which we may call R ,, is 0.183 millimol per hour.  Hence R, +  R b -- 
0.183  -  0.375  --  0.5. 
Let us now consider whether we get the same value for the ratio 
(Kto -  Kt~ in the steady state)  +  (Kto -  K~ at the start).  Substi- 
tuting  the  values  previously  ascertained  we  obtain  for  this  ratio 
(0.019  -  0.0057)  +  (0.019)  ---  0.7.  The discrepancy between this 
41 0.817  and  0.63  are  activity  coefficients.  For  explanation  see  preceding 
paper  (1).  Here as elsewhere we employ concentrations in place of activities for 
KG in B. 550  KINETICS  OF  PENETRATION.  V 
value and that of 0.5 derived from rates will be less when these values 
are corrected as follows. 
1.  The value of K, (i.e.  of Ki in the steady state) is undoubtedly 
too low since it was obtained with the external solution at pH  7.3. 
Increasing the pH  to  7.6  (i.e.  to  the pH of the experiment)  would 
increase the activity of the guaiacol ion (p. 535) and that of KG in B. 
If there were no complicating factors it would approximately double 
it (p.  535). 
2.  There is a  factor which makes the ratio derived from rates ap- 
pear too small since it causes the rate of entrance of KG in the steady 
state to appear less than it really is. 
As the experiment progresses there is an increasing outward move- 
ment  of  KI-ICO3  (experimentally  demonstrated  elsewhere~).  This 
reaches its maximum in the steady state and decreases the apparent 
rate  of penetration of KG (what we actually observe is  the inward 
rate of KG minus the outward rate of KHCO3). 
3.  An additional factor is that the value of K% is taken too low. 
In  the  shaking experiments the  concentration of KG  at  the  outer 
surface of B  is 0.05  ~  giving 0.019  KG in B.  But when we set up 
the  model  with 0.05  g  KG in A  the concentration at the outer sur- 
face of B is less because of the concentration gradient in the unstirred 
aqueous layer A B.  If we regard the actual concentration at the outer 
surface of B as low enough to make the value of K% 0.0125  the ratio 
becomes (0.0125  -  0.0057)  +  0.0125  =  0.5. 
When we correct for these factors the ratio derived from rates be- 
comes larger and that derived from concentration gradients becomes 
smaller so that the discrepancy tends to disappear. 
Even when these corrections are applied we should not expect the 
ratio derived from rates to be equal to that derived from concentra- 
tions, because the ratio derived from rates is lowered by factors which 
do not affect the other ratio in the same way.  Such factors are the 
increase in the thickness of Bo and B~ and the decrease of the diffusion 
constants in these layers due to the increase in the viscosity  .2 of the 
G.C.  mixture which  accompanies the increase in the  concentration 
of KG.  If these factors affect the rate of penetration of potassium 
42 That such an increase occurs is shown by experiments made in this labora- 
tory by W. M. Stanley. W.  ;.  V.  OSTE~OU¢  551 
and of water to the same extent they will not change the value of K~ 
in the steady state and hence will not affect the value of K'o  -  K'~ 
but they will diminish the value of R 43 and  hence lower the value of 
R,+Rb. 
In view of these  considerations  the  agreement between the  ratios 
derived  from  rates  and  that  derived  from  concentration  gradients 
seems to be fully as good as could be expected. 
Exchange of Ions 
It is sometimes stated that in living cells the penetration of potas- 
sium depends on an exchange of K + for H +, the ions passing as such 
through  the  protoplasm.  Can  this  conception  be  applied  to  the 
model? 
When KOH is placed in A  it  reacts with HG to form KG which in 
turn reacts with CO2 in C to form KHCO3.  The net result  is that A 
loses K + and C  loses H + which is equivalent thermodynamically to 
an exchange of K + for H + (though the actual transport through B may 
be mostly in molecular form, e.g. as undissociated HG and KG). 
As stated in the preceding paper  ~  it seems probable that the concen- 
tration of ions in the G.C. mixture  (whose dielectric constant is low) 
is small compared with that of molecules and unless the mobility of 
the ions were extremely high ionic exchange would play a subordinate 
r61e.  The following calculations bear this out. 
From  considerations  set forth  elsewhere  44 an exchange of Ko  + for 
Hi  +  might  be expected to proceed according  to  the  formula  d__QQ = 
dt 
C7 [(H~)  (Ko)  -  (K,) (Ho)], where C7 is a constant. 
We may use the  following values for  activities. ~  At  the  start: *L 
(Ko)  =  (0.05)  (0.817)  =  0.04,  (Ho)  =  10 -9.~, and  (K~)  =  0.  The 
value of (H~) at the start, which we may call (H~), will depend on the 
rate at which CO, is bubbled but it may be estimated tentatively as 
10 -5.".  At the steady state we have  41  (Ko)  ---  0.04,  (Ho)  =  10 -9.', 
(K,)  --  (0.63)  (0.63)  =  0.4, and H~  =  107`5 (this will be called  H,). 
We have seen (p. 537) that when ~  is regarded as proportional to 
dt 
43 To judge from the literature  this diminution may be very considerable (16). 
~40sterhout, W. J. V., J. Gen. Physiol., 1930--31, 14, 277. 552  KINETICS  OF PENETRATION.  V 
(Ko)  (OHo)  -  (KS  (OHm), calling d__Q_Q in the steady state R, and  d__Q 
dt  dl 
at the start Rb, we have (p. 549) 
R,  (K;  --  K~)  (Ko) (OHo)  --  (K,) (OH,) 
R~  K'  (Ko) (OHo) 
o 
(0.05) (0.817) (I0  -'-~) -- (0.63) (0.63) (10  -s.a) 
(0.05) (0.817) (lo-,.~) 
=  0.7 
But if the penetration  of potassium  proceed  by ionic  exchange and 
if d___Q must be regarded as proportional to (H,) (Ko)  -  (Ki)  (Ho) we 
dt 
must  put 
R,  (H0 (Ko) -- (K0 (Ho) 
Rb  (Hb) (Ko) 
(10-7.q (0.04)  --  (0.4) (10-9-0 
(10  -~.~) (0.04) 
=  0.003 
This  is  widely divergent  from  the  observed value of 0.5  (p.  549) 
for the observed ratio  between the rates  of entrance  of tools at  the 
steady state and  at  the  start. 
If ionic exchange proceeded in  this  way it  would  make  little  or 
no difference whether the K  ions in A  were accompanied  by guaiacol 
ions or by chloride  ions,  but we find experimentally  that KG pene- 
trates  very much faster than  KC1. 
But it might  be said that  the ionic exchange is in  reality between 
the  outer  surface  of  Bo  and  the  inner  surface  of  B+  In  order  to 
estimate the  value on  this  basis we may proceed  as follows.  Since 
the activity coefficient of KG in the G.C. mixture cannot be far from 
unity we may for comparative purposes regard it as unity and employ 
concentrations.  The activity of K + in  the outer surface of Bo may 
be called  (Ko+) '  and the other ions may receive similar designations. 
We then have in the outer surface of Bo 
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where Cxa is  the  dissociation constant of KG in  the  G.C.  mixture. 
Then we may write as an approximation 
= ~  (0.138) 
Taking  the concentration  of KG  +  KHCO3 in the inner  surface  of 
B ~  to be 0.0062 (as stated on p. 548) we may for purposes of calculation 
lump them together and call both KG (this would introduce no serious 
error if the dissociation constants in B were similar as is probably the 
case).  The  activity of K+ in  the inner surface of B~ in  the steady 
state may be called (K,+)'.  Hence we may put 
---- ~/~Ka  (0.079) 
As we do not know the activities of the hydrogen ion in the surfaces 
of B  (which are supposed to be in approximate equilibrium ~7 with the 
adjoining aqueous phases) we may assume for purposes of calculation 
that they are equal to the activities in A and in C multiplied by a con- 
stant  C~.  The  activity of the hydrogen ion in the outer surface of 
Bo may be called (Ho+)':  that in the inner surface of B~ at the start 
(i.ib+) ' and in the steady state (H,+)'.  This gives (HHb+)  '  =  C~IO -~.3, 
(Ho+)' =  C610-9.t, and (tI ,+)'  =  C510  -7.6.  Substituting  these values 
in the equation R,  _  (H,+)' (Ko+) '  -  (K,+)' (Ho+), we have 
R,  (Hb+)'(K~+)' 
c~(t0-~.9 v"  cxa(o.138) 
(10  -7-e) (0,132)  --  (0.079) (10  -~a) 
(10-~.,) (0.t38) 
-- 0.005 
The values for (rate at steady state)  +  (rate at start) obtained from 
calculations  based on ionic  exchange  (i.e.  0.003  and  0.005)  diverge 55Ax  KINETICS  OF :PENETRATION.  V 
widely from that obtained by direct observation of the number of tools 
passing through at the start and at the steady state; i.e.,  0.5  (see p. 
549).  The value 0.5 is in much better agreement with that obtained 
by assuming  that potassium  moves through B  in the form of mole- 
cules of KG.  This  value is  0.7  (p.  549)  which  is  known  to be  too 
high since it takes no account of such factors as those mentioned on 
p.  550. 
CONCLUDING REMARKS 
The calculations indicate that exchange of ions; i.e.,  of K + in A  for 
H + in C, does not play an essential r61e.  Hence it would seem that 
potassium  must move through B  chiefly in the form of undissociated 
KG or as the ion pair  (K+) ~ -t-  (G-)'.  As  the  concentration of ions 
is  presumably  small,  owing  to  the  very low  dielectric constant 45 of 
the G.  C. mixture, they have been neglected in order to simplify the 
calculations.  This would seem to be permissible in the present case 
in  view  of  the  result  of  the  calculations.  But  it  is,  of  course,  in- 
accurate  and  becomes increasingly so  the more  dilute  the  solutions 
employed. 
Ionization in B  would not change the form of the equations, but the 
rate would  become a  different  function of (K)  (OH).  For example 
if the dissociation in B  were practically complete we might have  46 
R,  "V/(Ko) (0Ho)  -  X/(K~) (0H~) 
R~  v/(-ffSo) (O~o) 
%/(0.05) (0.817) (I0  -4.') --  %/(0.63) (0.63) (10-~.0 
~/(0.0s) (o.817) (10-,.9 
=  0.4 
This is probably in the neighborhood of 11. 
46 If we have nearly complete dissociation in A and B, a constant activity par- 
tition  coefficient  (So)  for  the  undissociated  potassium guaiacolate,  and  (K+) ' 
=  (G-)' in B, the activity of undissociated  potassium guaiacolate  in A may be 
designated as (KG) and that in the outer surface of Bo as (KG)'.  We may put 
(Ko) (Go)  =  k(KG);  also  (KG)'  =  S0(KG)  and  (KG)'  =  k'(K+) '  (G-)', where 
k and k' are the dissociation  constants of (KG) and (KG)q  Then (K+y (G-)' 
=  k'(KG)'  =  k'(So)  (KG)  =  k'(So)  (Ko) (Go)  +  k.  Putting k'(So)  +  k  =  H 
(i.e. a constant) we have (K+) r (G-)'  -- H(Ko) (Go) and (K+) '  =  V/H-(Ko) (Go)-. W.  J.  V.  OSTERHOUT  555 
This agrees better with the observed ratio (0.5)  than does the calcu- 
lated value (0.7) given on page 549.  On this basis therefore it would 
seem quite possible  (with the rather dilute solutions here employed) 
to  have  some  dissociation  in  B.  But  the  calculations  involve  as- 
sumptions  and uncertainties  (e.g.  in  regard to the ionic activity co- 
efficients).  This will be discussed in later papers.  ~7 
The  equation  for the  time  curve may  be  regarded  as  empirical. 
It implies that when no water enters the rate of entrance of potassium 
may  fall  off  in  a  manner  approximately  exponential  and  that the 
entrance of water tends to produce  an  exponential decrease in  con- 
centration.  Hence  the  kinetics  may  be  treated  as  that  of  con- 
secutive exponential processes.  This is, of course, only  an  approxi- 
mation but it may serve to prepare the  ground  for a more rigorous 
treatment. 
At the start the observed time curves of concentration and of volume 
lag behind the calculated.  This is to be expected since the calculated 
curve predicts that some potassium will enter C  during the first sec- 
ond but  as  a  matter  of  fact it may  take  much longer for the  first 
molecules of the potassium compounds to cross the non-aqueous layer 
and  enter  C.  The  thicker  the  non-aqueous  layer,  the  more  con- 
stricted in any region, and the slower the rate of stirring, the greater is 
the lag, so that the time curve  of  concentration  might  under  some 
conditions  become  convex toward  the  base  line  at  the  start.  In 
When the concentration in Bo is small we may use concentrations in place of ac- 
tivities and say that the concentration of diffusing ion pairs (i.e. of (K+) ' +  (G -)') 
is equal to (K+) ' which is proportional to Vr(Ko) (Go) and hence (page  536) to 
~/(K,)  (OHo). 
~ The partition coefficient would be affected.  If the concentration of potas- 
sium guaiacolate in B divided by that in A be called S it is evident that the value 
of S will depend on the degree of dissociation  in A and B.  If we put (46) So  = 
(KG)' +  (KG) we have the following relations for dilute solutions.  With no dis- 
sociation in B we have S  +  S0  =  1 -  a, where 1 -  a is the fraction of undisso- 
S 
ciated molecules in A.  With dissociation in B it can be shown that S0 = (1 -  a) 
where C is the concentration in A.  This enables us to 
1  +  CSo (1  -  a) 
estimate the value of k'.  This will be discussed in later papers. 556  KINETICS  OF  PENETRATION.  V 
view  of this  and  other  considerations  we  may  expect  considerable 
variation in the time curve and this seems to be the case as far as can 
be  judged  from  rough  measurements  made  in  some  other  experi- 
ments. 48 
The situation in the model may well be analogous to that in Valonia 
and Nitella.  The protoplasm appears to consist of two non-aqueous 
layers corresponding to Bo and Be but having an aqueous layer between 
them.  The aqueous solutions corresponding to A  and C  are the ex- 
ternal medium and the sap, both of which are well stirred by convec- 
tion  currents.  49  The  cell  wall,  of  course,  corresponds  to  an  un- 
stirred layer. 
Note.--After  the  acceptance  of  this  article  the  attention  of  the 
author  was  called  to  a  paper  by  Brooks  and  Brooks  5°  which  deals 
with  the  kinetics  of  models.  In  their  paper  diffusion  constants 
and gradients  are ignored on the ground that there are no unstirred 
layers.  Such  a  condition  appears,  however,  to  be  unattainable  in 
practice.  16 
SUMMARY 
An organic potassium  salt,  KG, passes from an  aqueous phase, A, 
through a  non-aqueous layer, B, into a  watery solution, C.  In C  it 
reacts  with  COs  to  form  KHCO3.  The ionic  activity product  (K) 
(G) in C is thus kept at such a low level that KG continues  to diffuse 
into C after the concentration of potassium becomes greater in C than 
in A.  Hence potassium accumulates in C, the osmotic pressure rises, 
4s By varying the values of kl and ks a variety of curves can be obtained, some 
showing a  progressive  increase,  others a  decrease,  and still  others approximate 
constancy of k,~ (eft Osterhout, W. J. V., Injury, recovery and death, in relation 
to conductivity and permeability, Philadelphia,  J. B. Lippincott Co., 1922).  In 
the last case the equations for a monomolecular reaction would apply. 
In a series of experiments with models we find indications  that all of these occur 
(depending  on rate of stirring,  etc.) although the measurements are not precise 
enough to be used for mathematical analysis. 
49 The extent of such stirring is often underestimated.  See footnote 16. 
s0 Brooks, S. C., and Brooks,  M. M., J. Cellular and Comp. Physiol.,  1932, 2, 
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and water goes in.  A  steady state is  eventually reached in  which 
potassium and water enter C in a constant ratio. 
The  rate  of  entrance of  potassium  (with  no  water  penetrating 
into  C)  may fall off in a  manner approximately exponential.  But 
water  enters and  may produce an  exponential decrease in  concen- 
tration.  This suggests that the kinetics may be treated like that of 
two  consecutive  monomolecular  reactions.  Calculations  made  on 
this basis agree very well with the observed values. 
The rate of penetration appears to be proportional to the concen- 
tration gradient of KG in the non-aqueous layer and in consequence 
depends upon the partition coefficients which determine this gradient. 
Exchange of ions (passing as such through the non-aqueous layer) 
does not seem to play an important r61e in the entrance of potassium. 
The kinetics of the model may be similar to that of living cells. 